INTRODUCTION {#sec1-1}
============

One deficiency in planning complex reconstructive surgery using either autologous bone or tissue engineered constructs is the inability to predictably produce complex facial contours using commercially available reconstruction plates and meshes.\[[@ref1][@ref2][@ref3][@ref4][@ref5]\] Commercially available metallic reconstruction plates are supplied as generic sizes and shapes being designed on the basis of the "average" patient.\[[@ref2]\] These reconstruction plates are often made from titanium and are supplied as straight or slightly contoured metal plates with predrilled holes for retention by screws.\[[@ref2][@ref6]\] The surgeon may spend considerable time during surgery bending and shaping the plate to fit the contour of the patient\'s bone. Titanium reconstruction plates currently used for mandibular defects are subject to both over-bending and a lack of passive fitting, which may eventually lead to fatigue fractures.\[[@ref2][@ref7]\] Such over-bending may also be hazardous to distraction hardware, where repeated bending of footplates to adapt them to difficult anatomical confines may make the footplates or distractor stems susceptible to fatigue fractures.\[[@ref2][@ref8]\] The accuracy of custom made parts makes such repeated bending unnecessary.\[[@ref9][@ref10][@ref11][@ref12]\] The aim of this report is to outline three-dimensional computer-aided workflow for use in major cranio-maxillofacial reconstruction and distraction cases.

MATERIALS AND METHODS {#sec1-2}
=====================

One solution to this problem is to use computer-guided surgical planning technologies like additive manufacturing to produce a passive fitting implant designed for patient specific anatomical needs. Progress in medical imaging and continued incremental increases in computer processing power available for both three-dimensional patient data acquisition and subsequent image processing make it possible for clinicians to diagnose, more accurately plan, simulate and treat their patients \[Figures [1](#F1){ref-type="fig"}--[4](#F4){ref-type="fig"}\]. To date the most common use of additive manufacturing has been the fabrication of patient specific skull models for preoperative planning. These skull models are fabricated using patient specific imaging data in the form of Digital Imaging and Communications in Medicine (DICOM) files, which are then converted into stereolithography (STL) files, the standard manufacturing format used to print patient specific skull models. The use of such three-dimensional medical models helps surgeons to plan, simulate the planned operation and manually prebend commercially available reconstruction plates. Recent developments in the area of additive manufacturing allow the prefabrication of patient specific, customized, reconstruction plates using the patient\'s DICOM data. The advantages of rapid prototyping in designing or manufacturing reconstruction plates are that they do not require intraoperative bending and offer improved passive fitting. In light of possible material failure, better structural designs may be developed according to individual anatomy at the design stage.

![(Case 1) - Virtual preoperative planning using Romexis software, (Planmeca, Esppo, Finland) for large ameloblastoma lesion. The picture shows saw guides precisely over the resection position](AMS-4-128-g001){#F1}

![The computer generated image shows the reconstruction plate over the area planned for resection](AMS-4-128-g002){#F2}

![This computer generated virtual planning image shows the resection and the shape of the reconstruction plate based on the mirrored healthy side of the mandible](AMS-4-128-g003){#F3}

![Intraoperative photograph of superior resection line transferred from computer generated plan being cut with a piezo-surgical tip](AMS-4-128-g004){#F4}

RESULTS {#sec1-3}
=======

Step by step reconstruction of major segmental mandibular defects resulting from ameloblastoma resection using computer workflow in nonradiated patients is possible with a tissue engineered construct consisting of beta-tricalcium phosphate (β-TCP) granules, rhBMP-2 in conjunction with adipose stem cells.\[[@ref10][@ref11][@ref12]\]

In case 1 \[Figures [1](#F1){ref-type="fig"}--[4](#F4){ref-type="fig"}\], the patient had a large recurrent ameloblastoma of the left ramus and body of the mandible. A medical grade computed tomography scan was performed from which the DICOM files were converted to STL files. A three-dimensional stereolithic model was manufactured to help the clinicians visualize the lesion and its defect. Surgery was planned to use the combination of a handheld three-dimensional skull model and the virtual images of the tumor defect on the monitor of the computer workstation. [Figure 1](#F1){ref-type="fig"} shows the resection lines and resection jig in blue blocks. Then as shown in [Figure 2](#F2){ref-type="fig"}, a plate was planned on the computer workstation designed to span the resection at the posterior and inferior borders of the mandible. A virtual resection was then completed on the computer workstation \[[Figure 3](#F3){ref-type="fig"}\]. In the operating room after exposure of the mandible, the virtually planned reconstruction plate was applied to the mandible and fit perfectly to the posterior and inferior borders. The design of the plate permitted the resection of the mandible using a piezo cutting system without removal of the plate once it had been applied \[[Figure 4](#F4){ref-type="fig"}\].

In case 2, all the planning was virtual. The authors found it unnecessary to print the stereolithic model. Rather the resection lines and resection jigs were designed on the monitor of the computer workstation \[[Figure 5](#F5){ref-type="fig"}\]. It was possible to rotate the skull image on the workstation so that the base of the skull and right and left inferior borders of the mandible were visible. Symmetry of the reconstruction plate was assured by comparing the mirror image contours of the inferior borders of the mandible \[[Figure 6](#F6){ref-type="fig"}\]. The reconstruction plate was designed with space for adequate screw fixation \[[Figure 7](#F7){ref-type="fig"}\]. Finite element analysis was used to test the loading of the custom designed hardware in order to be certain that the reconstruction hardware could manage the anticipated loading of the mandible \[[Figure 8](#F8){ref-type="fig"}\]. With the mandible exposed in the operating room, the reconstruction plate was applied and secured to the inferior border and angle of the mandible. A piezo cutting system allowed resection of the tumor according to the resection guide shown in [Figure 5](#F5){ref-type="fig"}. A titanium containment mesh was applied to encase the β-TCP granules, which were seeded with adipose derived stem cells \[[Figure 9](#F9){ref-type="fig"}\]. The patient went on to heal in an uneventful manner with good radiograph integration of the stem cell seeded construct \[[Figure 10](#F10){ref-type="fig"}\].

![Case 2 - This computer generated virtual planning image shows the resection jig in place with the shape of the reconstruction plate based on the mirrored healthy side of the mandible](AMS-4-128-g005){#F5}

![Basal view of skull with planning software, showing defect modeled to be mirror image of unaffected side to ensure symmetry of reconstruction](AMS-4-128-g006){#F6}

![Custom made reconstruction plate modeled by reconstruction software](AMS-4-128-g007){#F7}

![Virtual testing of custom made reconstruction plate takes place by modeling and finite element analysis](AMS-4-128-g008){#F8}

![Intraoperative photograph showing the titanium containment mesh in place and its underlying space filled with granular scaffold of beta-tricalcium phosphate and rhBMP-2](AMS-4-128-g009){#F9}

![Immediate postoperative panoramic radiograph of case 2 showing reconstruction plates, titanium containment mesh and granular scaffold in place on the body and angle region of the left mandible](AMS-4-128-g010){#F10}

DISCUSSION {#sec1-4}
==========

The authors illustrate the gradual incorporation of three-dimensional computer-aided surgical workflow, from diagnosis to surgical treatment, in order to provide patients with complimentary hardware to help restore mandibular ameloblastoma resection.\[[@ref11]\] The hardware can be designed for any major cranio-maxillofacial reconstruction using nonvascularized bone grafts, vascularized bone flaps, stem cell-based reconstructions or cases using distraction osteogenesis\[[@ref12]\] \[Figures [11](#F11){ref-type="fig"}--[14](#F14){ref-type="fig"}\]. Such computer designed hardware must be tested.\[[@ref9]\] Since bench testing is an expensive alternative to test repetitive loading and fatigue, the authors recommend virtual testing of custom designed hardware with validated finite element analysis models\[[@ref9]\] \[[Figure 8](#F8){ref-type="fig"}\].

![Planning software used to design distraction devices. Foot plates can be accommodated to anatomical constraints and distractor vectors are planned to be complementary avoiding convergence or divergence of the vectors of distraction](AMS-4-128-g011){#F11}

![Lateral view showing mandibular defect due to traumatic bony avulsion. In this scenario a distractor has been planned to treat the avulsion defect](AMS-4-128-g012){#F12}

![Sagittal ramus osteotomy has been performed on the contralateral side to help maintain the symmetry of both sides by distracting both the right and left sides](AMS-4-128-g013){#F13}

![Basilar view of skull with planning software predicting the changes on both sides of the mandible with distraction](AMS-4-128-g014){#F14}

In the case of distraction osteogenesis, there are important advantages over stock distraction devices, planning software used to design distraction devices. Distractor foot plates can be accommodated to anatomical constraints and distractor vectors are planned to be complementary avoiding convergence or divergence of the vectors of distraction.

CONCLUSIONS {#sec1-5}
===========

This preliminary case series shows that computer-aided surgical workflow has a promising role in the management of major reconstructive defects in the jaws using nonvascularized or vascularized bone grafts, stem cell based reconstruction or distraction osteogenesis.
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